The movement of a thermocline can drive strong benthic currents, which can transport nutrients from sediments into the water column via pore water advection or sediment resuspension. We report field observations of near-shore benthic velocities and offshore thermocline movements in Lake Opeongo; a medium-sized lake typical of the Canadian Shield. We find that during large thermocline deflections there are sustained currents >6 cm s À1 in the near-shore benthic layer. The mean current was 1.75 cm s À1 and the maximum current is 10.3 cm s
INTRODUCTION
It is important to understand the exchange of water and dissolved nutrients between the benthic and pelagic zones of a lake so that food web dynamics can be correctly modelled.
One mechanism of nutrient addition to the water column originates from pore water advection into the benthic water (Kirillin et al. ) . Pore water is the interstitial fluid in the lake sediment and therefore has a high concentration of nutrients (e.g. nitrogen and phosphorus). Pore water is advected into the benthic water via a suction action driven by strong benthic currents (Søndergaard et al. ; Kirillin et al. ; Basterretxea et al. ) or through direct resuspension of sediments (Gloor et al. ) . A slower, but continuous, process that also adds nutrients into the water column is diffusion across the nutrient gradient which exists between the sediments and the water column (Levine & Schindler ; Sundbäck et al. ) .
The fate of any pore water that has been moved into the benthic region relies on the water circulation of the lake. Bottom turbulence will enable pore water to be mixed into the bottom boundary layer of the lake and subsequent transport of this fluid into the pelagic zone will make the nutrients available to a wider range of organisms. Absence of a mechanism to mix the pore water into the boundary layer or lack of transport into the pelagic zone will severely limit the usefulness of any nutrients contained in the pore water. Therefore, a good understanding of the ability of boundary layer fluid to be transported into various regions of a lake will be essential in understanding this pathway of nutrient addition to a lake's food web.
The circulation of water in Lake Opeongo is dominated by wind-driven seiche events (Coman & Wells ) . For a lake or reservoir with a fairly uniform cross section, surface wind forcing will set up a horizontal pressure gradient along the lake axis aligned with the wind direction. If the lake is stratified with a strong thermocline (as many medium-sized Canadian Shield lakes are during summer time), this pressure gradient is balanced by a tilting of the thermocline. In this case, the thermocline is pushed downwards at the downwind end of the basin, and is pushed upwards at the upwind end of the basin as shown in Figure 1 (a). The cessation or reduction of this wind forcing reduces the strength of the horizontal pressure gradient and releases the thermocline from the tilted orientation so that it relaxes back to its equilibrium level, shown in Figure 1 (b) . During this process the surface wind forcing has added momentum to the lake system so that upon wind reduction the thermocline does not simply return to its equilibrium level but undergoes seiching (shown in
Figures 1(c) and 1(d)) until all the energy injected by the wind forcing has dissipated, or until another wind-forcing event re-establishes a new thermocline tilt. This oscillation is the basin scale seiche and is the major response of surface wind forcing in Lake Opeongo (Coman & Wells ) and other lakes. The deflected thermocline extends to the lake boundaries, and the movements associated with seiching cause currents along the benthic inshore regions. When the thermocline is upwelling, the current direction along the slope will be upslope and when the thermocline is downwelling the current direction will be downslope in the inshore benthic region. When an inshore site is experiencing an upwelling, the local water temperature will be decreasing as hypolimnetic water moves up the slope. Similarly, during a downwelling, the site experiences warming temperatures as the hypolimnetic water departs and is replaced with epilimnion water, as shown in Figure 1 (e). Therefore, under this simple representation of the consequences of surface wind forcing on mediumsized lakes, we expect downslope currents and warming temperature in the inshore region during a downwelling event and upslope currents and cooling temperature during an upwelling event (Figure 1(e) ). In addition, if we measure isotherms at a more offshore location we expect the motion of these isotherms to be consistent with those inshore. That is, an upwelling event is caused by a deflected thermocline so this motion will be evident in the isotherm record of an offshore site (as long as the offshore site is not in the centre of the thermocline's tilting axis). If the offshore site is between the centre point of the lake wind axis and the inshore site (open triangle in Figure 1(b) ) then an upwelling event will be preceded by isotherms that decrease in depth and a downwelling event will be preceded by offshore isotherms that move deeper into the lake.
In Lake Opoengo, the basin scale seiche is forced by westerly winds, and has a period of about 12 hours. Coman & Wells () found that the maximum displacement of the thermocline due to these motions has a strong dependence on surface wind forcing, lake stratification and basin morphometry. The largest displacement they measured was 10.7 m while the mean value was just 1.4 m. With a slope at the inshore site of 1%, these values imply a washing zone length of 1 km for the maximum thermocline displacement and a length of 140 m for mean displacement.
The magnitude of the thermocline tilt can be parameterised in terms of Lake number. The Lake number is a dimensionless parameter that combines the wind forcing and lake stratification, as well as including a measure of basin morphometry. Field observations in Lake Opeongo by Coman & Wells () found that the maximum displacement of the thermocline is proportional to the inverse of the Lake number. This result will apply to any lake with a strong and sharp thermocline (i.e. thickness of thermocline is less than the epilimnion or hypolimnion thickness) and a tri- Rhodamine dye was injected into the boundary layer to act as a tracer and subsequent dye concentration mapping measured the three-dimensional (3D) extent of the tracer.
After 1 day the intrusion generated by boundary mixing was 0.5-1 m thick and reached over 200 m offshore.
Transport from the sloping boundary to the interior may also occur due to asymmetries in the benthic flow field as the thermocline moves up and down the lakebed. Nakayama & Imberger () showed that due to details of the stratified turbulence on a sloping boundary there would be a net offshore transport. In a lake there may also be a basin scale circulation set up by wind-driven forcing, whereby on average water is drawn in at the edges of the lake and exits in the central axis of the lake, similar to the wind-driven double gyre circulation pattern described in Rao & Murty () .
In this paper we will quantify the benthic currents that are driven by oscillations in the position of the thermocline.
Our study takes place in the same region of Lake Opeongo as described by Coman & Wells () 
METHODS
The research presented here was conducted in Lake Opeongo, Algonquin Provincial Park, Ontario, Canada The distance a parcel of water is advected away from the boundary can be estimated if the benthic velocity field is known. The excursion length during a given time period, Δt, is equal to the average velocity over that time period multiplied by the time period,
Since the current over Δt may be changing magnitude as well as direction we use circular statistics to find the average velocity, u over any period, Δt. The summation of the excursion lengths of individual time periods (Equation (1)) will be equal to the integral of the velocity over time,
where u and v are the speeds in the x and y directions, respectively, t s is the initial time (July 15 in our case) and t f is the final time (August 15). To calculate Equation (2) we first depth average the velocity data then calculate a running 10 minute temporal average of the velocity field. 
RESULTS
The benthic currents are correlated to changes in the stratification caused by upwelling or downwelling events at the western end of Lake Opeongo. The distribution of horizontal currents at the inshore site is asymmetric, with the strongest currents (>6 cm s À1 ) being directed offshore (Figure 4(a) ). A new observation is that the magnitude of the benthic offshore currents is greater than the benthic onshore currents.
Rather than a simple oscillation up and down the slope, there is a net offshore transport of water from the benthic inshore region of the lake. This observation warrants further study to determine whether there is either an asymmetry between the upslope and downslope flows (Nakayama & Imberger ), or whether the net offshore transport is part of a larger basin scale flow whereby on average water is drawn in at the edges of the lake and exits in the central axis of the lake.
The velocity exceeded 6 cm s À1 on seven occasions during the record, which were all accompanied by larger offshore excursion lengths in the positive offshore direction.
Four of these were clearly associated with the recession of an upwelling at the western inshore site (day 198, 199, 217 and 218) while the other three (day 200, 209 and 211) are associated with a downwelling event in the west, driven by easterly winds (Figure 3 ). Given the depth of our inshore site (7 m) and the depth of the thermocline (7-9 m), an upwelling event is easily observed in a plot of temperatures measured at the inshore site (Figure 3 The estimates of the large excursion lengths of the water parcels suggest that there should be strong exchange between the littoral and pelagic zones of Lake Opeongo.
The measurements of strong unidirectional benthic currents that last for hours (rather than minutes) gives rise to the potential for substantive offshore water transport in Lake
Opeongo rather than localised transport contained to the inshore region due to evenly oscillating currents.
The depth at which water transported from the inshore region will enter the larger lake basin will depend upon the density of the mixed inshore benthic water and of the stratification offshore. The downslope and faster currents typically occur as the upper portion of the thermocline is moving down the slope. During the sampling period the thermocline was located close to the 15 W C isotherm at depths between 7 and 10 m. Hence water from the littoral zone that is potentially nutrient rich, will enter the pelagic waters of Lake Opeongo in the upper thermocline, where it may subsequently be available for primary production.
The speeds reached during the large downslope currents were often greater than 6 cm s À1 so are large enough at the inshore site to draw pore water and associated nutrients out of the sediments (Gloor et al. ) . Sediment resuspension is another possible mechanism to bring nutrients into the water column, but this requires high near bed velocities.
For example, our mean (1.75 cm s À1 ) and maximum current (10.3 cm s À1 ) velocities near the lake bed are very similar to those measured by Gloor et al. () , where the root mean square of the bottom current speed was 2 cm s À1 and burst speeds were of the order of 7 cm s À1 . For these velocities, Gloor et al. () concluded that the mean speeds would not lead to sediment resuspension, but that it was possible for the highest near bed velocities. Velocities exceeding 7 cm s À1 only occur in 0.7% of our record, and generally occurred after large seiches. The substrate at the inshore site is fine mud/silt and due to the cohesive nature of this sediment, direct resuspension will be difficult given the mean current speeds. Surface water waves are able to resuspend sediments in the shallow littoral zone of Lake Opeongo (Cyr et al. ) . If similar sized currents occur within the 1-5 m depth range as occurs at 7 m depth then nutrients resuspended via surface waves may also be transported offshore, perhaps at shallower depths given the warmer temperatures that will be present at sites further inshore of our inshore site.
CONCLUSIONS
In Lake Opeongo, the wind-driven internal seiche drives benthic velocities in the near-shore regions that are on average 1.75 cm s À1 , with brief periods where the maximum current is up to 10 cm s À1 . The current is greater than 6 cm s À1 on several occasions and in all of these occurrences the current direction is offshore, that is, flowing down the slope. In general we find that the downslope currents are faster than the upslope currents at our inshore site, Transport of bottom water occurs most strongly in the offshore direction when isotherm motions due to thermocline deflection are largest. Calm periods show either an equal onshore/offshore transport or a small net offshore transport. While the mean currents are unlikely to resuspend any sediment, they can result in daily advection of water of 0.6 km. As the South Arm of Lake Opeongo has a length of 6 km and a mean width of 0.6 km, the advection by the mean current means that the water at the depth of the thermocline in the near-shore zone is able to exchange with the pelagic waters. This constant exchange has implications for the nutrient cycling in the water column, and suggests that near-shore and offshore sites are well connected, particularly after large seiching events.
We found that the near bed velocity at 7 m depth was greatest after strong seiche events, and on average was directed offshore. Such an asymmetry in the near bed velocity could be due to processes associated with boundary mixing described by Nakayama & Imberger () , or could indicate a more complicated 3D circulation pattern in the lake in response to wind-driven forcing. The velocity exceeded 6 cm s À1 about 4% of the time. This occurred during seven strong events (day 198, 199, 200, 209, 211, 217 and 218) , which were all associated with corresponding seiche driven offshore isotherm and inshore temperature movements. We expect these events in particular increased nutrient addition to the benthic boundary layer through advection of pore water and possibly occasional (<0.7% of the time) sediment resuspension given speeds >7 cm s À1 that were occasionally reached (Gloor et al. ) . The mean current speed is expected to enable pore water advection along the mean excursion length, which can still connect the near-shore and offshore regions at the depth of the thermocline. Therefore any nutrients pumped into the water column have the potential to be transported far offshore under strong wind conditions or at least into the pelagic zone under mean wind conditions. Given that Lake Opeongo is oligotrophic, nutrients are likely absorbed quickly by local plankton which themselves can then be transported into the pelagic zone to become available as food to other trophic levels.
